The cultivation of cover crops intercropped with fruit trees is an alternative to maintain mulch cover between plant rows and increase soil organic carbon (C) stocks. The objective of this study was to evaluate changes in soil total organic C content and labile organic matter fractions in response to cover crop cultivation in an orange orchard. The experiment was performed in the state of Bahia, in a citrus orchard with cultivar 'Pera' orange (Citrus sinensis) at a spacing of 6 × 4 m. A randomized complete block design with three replications was used. The following species were used as cover crops: Brachiaria (Brachiaria decumbes) -BRAQ, pearl millet (Pennisetum glaucum) -MIL, jack bean (Canavalia ensiformis) -JB, blend (50 % each) of jack bean + millet (JB/MIL), and spontaneous vegetation (SPV). The cover crops were broadcast-seeded between the rows of orange trees and mechanically mowed after flowering. Soil sampling at depths of 0.00-0.10, 0.10-0.20, and 0.20-0.40 m was performed in small soil trenches. The total soil organic C (SOC) content, light fraction (LF), and the particulate organic C (POC), and oxidizable organic C fractions were estimated. Total soil organic C content was not significantly changed by the cover crops, indicating low sensitivity in reacting to recent changes in soil organic matter due to management practices. Grasses enabled a greater accumulation of SOC stocks in 0.00-0.40 m compared to all other treatments. Jack bean cultivation increased LF and the most labile oxidizable organic C fraction (F1) in the soil surface and the deepest layer tested. Cover crop cultivation increased labile C in the 0.00-0.10 m layer, which can enhance soil microbial activity and nutrient absorption by the citrus trees. The fractions LF and F1 may be suitable indicators for monitoring changes in soil organic matter content due to changes in soil management practices.
INTRODUCTION
Sustainable management of agricultural soils requires, among other factors, the maintenance and/or a gradual increase in organic matter content, which would enhance soil fertility by nutrient supply, improvements in the soil structure and the maintenance of microbial activity (Johnston et al., 2009; Tobiašová, 2011) .
One of the basic prerequisites for sustainable management of an agricultural system is the maintenance of soil cover. Thus, growing crops such as legumes and/or grasses for soil cover is a viable agricultural practice (Caetano et al., 2013) . The success of this management strategy depends on the choice of adequate cover crop species that meet the criteria of adaptability to the climatic and agricultural conditions of the region of use. This selection must also consider other characteristics such as ease of control, suitable shoot phytomass production, ease of seed acquisition, high potential for soil cover, and slow residue degradation after harvest (Souza et al., 2013) .
Currently, the soil cover between tree rows in commercial orange orchards in the state of Bahia is not prioritized as soil management practice. Contrary to what is considered ideal for soil conservation, disc plowing between the tree rows to eliminate weeds, leaving the soil completely bare, is a normal practice. The rationale for this practice is the empirical observation that this process increases productivity by suppressing weed growth, which in turn decreases competition for water. However, bare soil can enhance the potential for soil and nutrient losses by erosion and oxidation of soil organic matter, increase atmospheric emissions of CO 2 -C, and destroy the soil structure (Hernani et al., 1999; Johnston et al., 2009; Tobiašová et al., 2011; Xavier et al., 2013) .
In spite of the benefits to the soil, the cultivation of cover crops in-between the rows of orange orchards is still incipient. Studies in orange orchards in the state of Bahia by Carvalho et al. (2003a,b; 2006) showed cover crop cultivation, along with adequate soil tillage, improved both the soil physical and chemical properties and increased productivity. Balota and Auler (2011) also observed improvements in the microbiological soil profile when cover crops were grown in an orange orchard in the state of Paraná, Brazil. However, even though Poeplau and Don (2015) demonstrated that cover crops represent an important management strategy to increase organic C stocks in agricultural soils, this practice has been neglected and its advantages were not adequately quantified.
The rate of SOC accumulation depends mainly on the quantity of dry matter produced by the cover plants (Gonçalves and Ceretta, 1999) and on environmental factors such as humidity and temperature (Kirschbaum, 2006) . The change in total SOC content depends on agricultural management practices and is not always detectable in the short term (Xavier et al., 2013) . Thus, the partitioning of soil organic matter into the functional compartments with different dynamics represents an important tool to readily detect recent changes in the soil in response to changes in management practices (Sequeira et al., 2011; Blanco-Moure et al., 2013) . The labile fractions of soil organic matter such as LF, POC and C fractions extracted using low degrees of oxidation with H 2 SO 4 (Chan et al., 2001) , may be more sensitive indicators of the changes caused by modifications in soil management practices (Loss et al., 2013; Souza et al., 2014; Marques et al., 2015) , and an analysis of these compartments will deepen the understanding of SOC dynamics (Carter, 2001 ).
The maintenance of soil cover between tree rows in commercial orange orchards by cover crops represents an alternative method for increasing organic C sequestration in the soil. Hence, the identification of one species or a combination of plants that can increase soil organic C stocks when used as cover crops is essential for a successful management of orange orchards. Thus, based on the hypothesis that the introduction of cover crops between the rows of orange trees leads to changes in SOC levels, the objective of this study was to assess the SOC content and C-stocks and measure labile fractions of soil organic matter in response to cover crop cultivation in an orange orchard.
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MATERIALS AND METHODS
The study was carried out on the Fazenda Lagoa do Coco, in the municipality of Rio Real (11° 27' 52'' S, 37° 56' 11'' W, 186 m asl), on the northern coast of the state of Bahia, Brazil. According to the Köppen classification, the climate is predominantly As, hot (18 to above 35 °C). In the driest month, pluvial precipitation is less than 60 mm. Summers are dry, the mean annual rainfall is 1,000 mm; the wettest months of the year are May through July, whereas the period from October to December is the driest. The mean annual temperature is 24 °C (Santana et al., 2006) . The soil of this orchard was classified as cohesive Latossolo Amarelo Álico (Haplortox) (Carvalho et al., 2002) . At the time of the experiment, the orchard was about eight years old, consisting of trees resulting from grafting orange 'Pera' onto lemon 'Cravo', at a spacing of 6 × 4 m. Previously, this area had been used as orange orchard for 15 years, and the trees were renewed by planting seedlings at their definite places. The experimental plots covered an area of 840 m 2 , with 48 plants per plot. The total experimental area was approximately 12,600 m 2 , and the experiment used a completely randomized block design.
Soil tillage prior to sowing of the cover crops between the tree rows in the orchard consisted of mechanical mowing of the spontaneous vegetation followed by passing a disc harrow in the upper soil layer. The cover crops were sown by hand in the entire area between the orange tree rows and the seeds were surface-incorporated with a disc harrow.
The cover crops evaluated in the experiment were: T1 -Brachiaria (Brachiaria decumbens Stapf) (BRAQ), T2 -Pearl millet (Pennisetum glaucum R.Br.) (MIL), T3 -Jack bean (Canavalia ensiformis (L.) DC.) (JB), T4 -blend of jack bean + millet (JB/MIL) in equal proportions (50% each), and T5 -Spontaneous vegetation (SPV). The cover crops were planted at the beginning of the rainy season (May-June 2013), and were mowed 90 days after sowing, corresponding to the period of full flowering. Mowing was performed in a way that left the shoot phytomass residues below the soil surface after mowing. This study evaluated the effects of only one cultivation cycle of cover crops. The total SOC content was quantified by wet digestion of the soil samples with a mixture of potassium dichromate and sulfuric acid (H 2 SO 4 ) with external heating (Yeomans and Bremner, 1988) . The soil bulk density in the different soil layers was measured by the volumetric ring method (Blake and Hartge, 1986) ; and T is the thickness of the layer, in cm.
The soil light fraction (LF) was extracted by density fractionation using NaI according to the method adapted from Sohi et al. (2001) . Briefly, 6.5 g of sieved, air-dried soil samples (<2.00 mm mesh) were suspended in 30 mL NaI solution at a density of 1.8 Mg m -3 , shaken, and subsequently centrifuged at 3,000 rpm for 15 min. The supernatant was then vacuum filtered and the remaining solution collected for reuse. The excess of NaI retained in the filter was removed by rinsing it thoroughly with distilled water. The organic particles trapped in the filter constitute the soil LF, and were oven-dried at 60 °C for 72 h and then weighed. We considered the total LF content as being the sum of the free and occluded LF. Extraction and quantification of LF were performed in duplicate.
The particulate organic carbon (POC) content was determined by physical fractionation, according to the method adapted from Cambardella and Elliott (1992) . Approximately 10 g of sieved (<2.00 mm) air-dried soil was mixed with 30 mL sodium hexametaphosphate (5 g L -1
) and shaken for 15 h in a vertical shaker. Subsequently, the suspension was passed through a 0.053-mm sieve using a water jet. The material retained in the sieve, consisting of POC associated to sand fraction, was oven-dried at approximately 50 °C and the relative weight quantified. Differing from the original method, we measured the C content of the material retained in the sieve (POC + sand) by wet digestion with a mixture of potassium dichromate and H 2 SO 4 with external heating, as mentioned above (Yeomans and Bremner, 1988) . The quantity of organic C associated with the mineral fraction (mAOC) was calculated as the difference between the total SOC and POC content. To determine the proportion of soil POC (g POC kg -1 of soil), we quantified the sand fraction as a proportion of total soil mass.
The fractionation of total SOC was determined using an aqueous sulfuric acid solution under a gradient of oxidizing conditions, according to the method adapted from Chan et al. (2001) . Organic C fractions were quantified by oxidation using 0.167 mol L -1 K 2 Cr 2 O 7 in an acidic medium containing the different H 2 SO 4 concentrations without external heating (Walkley and Black, 1934) . The amount of oxidizable organic C was estimated using 2.5, 5, and 10 mL of concentrated sulfuric acid with final H 2 SO 4 concentrations of 3, 6, and 9 mol L -1
, while the potassium dichromate concentration was maintained constant. The organic C concentration determined by this three acid-aqueous solutions method allowed separation of SOC into the following four fractions (F) of decreasing oxidizability/lability: F3 (less labile): difference between oxidizable organic C extracted at 9 and 6 mol L -1 H 2 SO 4 ; and F4 (recalcitrant): difference between total SOC and oxidizable organic C at 9 mol L -1 H 2 SO 4 .
The organic C recovered in the F1 fraction was considered as labile C (C L ), while the sum of organic C in the F3 + F4 fractions represented non-labile C (C NL ) (Xavier et al., 2009 ). Thus, the lability index of organic C in the soil was calculated as C L /C NL .
The statistical analyses were performed using analysis of variance for a randomized block design. When the results of the F test were significant, the treatment means were compared by the Scott-Knott test at a significance level of p<0.05. The software package ASSISTAT 7.7 (Silva and Azevedo, 2006) was used for statistical analyses. 
RESULTS AND DISCUSSION

Total soil organic carbon storage
The SOC levels (Table 2) were low, ranging between 6.7 and 13.3 g kg -1
. Such low levels of SOC may be due to the low physical-colloidal protection of organic matter due to the predominance of sand in the soil (Table 1) , and the presence of a large sand fraction also facilitates the processes of organic C oxidation. In general, SOC levels were higher in the deeper than the upper layers, suggesting vertical movement of organic matter, which is facilitated by sandy texture of the soil.
The effect of cultivating different cover crops on SOC content was not readily apparent, as no definite increase was observed in total SOC that could be attributed to a specific cover crop. There was no significant effect of cover crop cultivation on SOC levels in the 0.00-0.10 m layer. However, in the 0.10-0.20 m layer, the JB/MIL combination induced lower SOC levels than BRAQ and JB, while in the 0.20-0.40 m layer, compared to all other cover crops, grasses significantly increased SOC contents. Given the contribution of the root system to maintaining SOC levels, Bressan et al. (2013) evaluated the effect of grasses on the chemical quality of Latossolo Amarelo (Oxisol) in the Cerrado biome and, similar to the results reported here, found that millet and Brachiaria species increased organic matter levels to a depth of 0.40 m. The SOC levels in the SPV were similar to those of the other cover crops in the 0.00-0.10 m layer, and did not differ from JB/MIL treatment in the 0.10-0.20 m layer or from that of JB/MIL and JB in the 0.20-0.40 m layer. These results indicate that an adequate management of native spontaneous vegetation is as important as cover crops for maintaining soil organic C levels, and that the removal of this vegetation, which is a common practice in commercial citrus orchards, will not only expose the soil but also result in the loss of soil organic C and nutrients.
A significant increase in SOC stocks due to cultivation of cover plants was observed only in the 0.20-0.40 m layer (Table 2) . At this depth, SOC stocks were significantly increased by BRAQ and MIL (mean increase of 9.8 Mg ha -1 C), compared to the other treatments. A soil profile of SOC stocks for all sampled layers (0.00-0.40 m) showed that grass cultivation resulted in a significant increase in SOC levels (20 %), compared to the other treatments (Table 2 ). This response was probably due to the addition of organic matter from the abundant root system of these grasses. 
Soil light fraction
The light fraction (LF) content in the 0.00-0.10 m layer ranged from 1.69 to 15.76 g kg -1 (Figure 1 ). The cultivation of BRAQ and JB resulted in the highest LF concentration, which was, in the mean, 78 % higher than that observed for the other cover crops. Compared to the control treatment (SPV), the percentage of LF content increased 83 and 89 %, respectively, in response to BRAQ and JB. In BRAQ treatment, a combination of higher shoot phytomass production compared to the other treatments with the slow rate of biomass decomposition (data not shown), probably increased the LF levels. The LF is derived from the decomposition of plant and animal residues by the soil microbiota. It consists of organic debris in different decomposition stages, as well as of C forms derived from pyrogenic coal (Janzen et al., 1992; Murage et al., 2007) . This compartment can be considered a sensitive indicator of soil management for responding more quickly to the changes in agricultural practices compared to total SOC (Marin et al., 2006; Maia et al., 2007 ). An increase in soil LF was attributed to the quantity and quality of shoot biomass left in the soil and to a very high proportion of fine roots by Bu et al. (2012) . This observation may explain the results obtained in this study with BRAQ cultivation, since Brachiaria has a fasciculate root system with a high amount of fine roots. In the case of JB, the increase of LF may be due to the faster decomposition of the shoot phytomass (data not shown) which would lead to a more rapid accumulation of LF. Contrary to SOC levels (Table 2) , LF levels appear to be more responsive to the effects of cover crops in the 0.00-0.10 m layer, confirming that this compartment can be used as a sensitive indicator of changes in soil organic matter in response to modifications in management practices. These results are also in line with other reports (Loss et al., 2011; Matos et al., 2011; Xavier et al., 2013) .
Particulate organic carbon
The POC levels were not significantly affected by the cover crops (Table 3) , even though the previous reports show that POC is a sensitive indicator of changes in the soil organic matter level due to modifications in management practices (Banger et al., 2010; Covaleda et al., 2011; Rossi et al., 2012) . One reason for the absence of a significant change in POC levels may be the short time span of the experiment, and it is possible that subsequent cover crop cycles would raise the POC levels. The POC levels represent organic C associated with the sand fraction (>0.053 mm), and therefore, have low colloidal protection. In addition, POC is considered a labile fraction of soil organic matter, as it has a fast cycling rate and consists mainly of partially humidified plant residues (Haynes, 2005) . Particulate organic C accounts for about 18 % of the SOC, implying that only a small fraction of SOC consists of more labile organic forms. The low POC/SOC ratio (Table 3) obtained in this study suggests that regular applications of organic matter should be considered in soil management planning in order to maintain or increase POC, for being a source of energy for soil microbiota, which play an important role in soil nutrient cycling.
There were no significant effects of cover crop cultivation on of mineral associated organic C (mAOC) levels at soil depths of 0.0-0.10 m (Table 3 ). In the 0.10-0.20 m layer, JB/MIL and SPV cultivation resulted in the lowest mAOC levels, whereas in the 0.20-0.40 m layer, similar to the trend observed with SOC levels, BRAQ and MIL significantly increased mAOC levels compared to the other cover crops (Table 2) . Comparable results were reported by Schiavo et al. (2011) , who used Brachiaria as cover crop and found that this species induced the greatest increase in POC in the 0.10-0.20 m layer. On average, mAOC accounted for 81 % of total SOC (Table 3 ), indicating that most SOC in this soil is found in recalcitrant or stabilized forms. As there was a predominant sand fraction (up to 85 %, Table 1) in the soil as determined by soil granulometry, it is possible to assume that only a small fraction of this organic C is associated with clay minerals. Thus, most of what is considered mAOC may, in fact, be related to C in the humidified fraction of soil organic matter, a behavior commonly observed in the tropical soils.
Oxidizable organic C fractions
The lability (bioavailability) of the organic C decreases from fractions F1 to F4 (Table 4) . In general, the cover crops did not significantly affect organic C levels in the various fractions, but in the 0.00-0.10 m layer, the C levels in the F1 fraction after MIL and JB were greater than in the other treatments. These differences were not observed for the total SOC levels ( Table 2) . As the F1 fraction comprises the C forms that require the lowest degree of oxidation for extraction (Chan et al., 2001; Souza et al., 2014) , our results suggest that the cultivation of these two species may enhance the concentrations of the more labile organic C in the soil. This significant difference in organic C also indicates that the F1 fraction can be used as a sensitive indicator of the changes in soil organic matter due to alterations in the management practices. These observations are in line with those of other studies (Maia et al., 2007; Loss et al., 2010) .
We considered the C recovered in the F1 fraction as labile C (C L ), while the sum of the C content recovered from the F3 and F4 fractions was labeled non-labile C (C NL ). In the surface soil layer, the C L /C NL ratio (lability index) was greater than 1.0 (Table 4), indicating that the cover crops, regardless of the species, increased the proportion of labile C in the soil. Contrarily, in the deeper soil layers, C NL were proportionally higher than the C L levels. In the mean, C L represented 42, 35, and 38 % of the total SOC in the 0.00-0.10, 0.10-0.20 and 0.20-0.40 m layers, respectively, while C NL accounted for 34, 52 and 54 % of SOC in these layers. Compared to the other cover crops, the increase in C L /SOC and C L /C NL values was greater in the 0.00-0.10 and 0.20-0.40 m layers after JB ( Table 4 ), suggesting that JB as cover crop favors an increase in C L in both the surface and deeper soil layers. The increase in the C L in surface soil can be related to the quality of JB shoot biomass, which has a rapid decomposition rate (data not shown), thus facilitating the accumulation of highly labile organic C forms. The increase in C L in the deeper soil layers may be attributed to the release of low-molecular-weight organic compounds through the JB root system which, due to its structure, is capable of reaching the deepest soil layers (Carvalho et al., 2006) . Only a few significant differences were observed in C NL , implying that the more stable organic C forms were not affected by the cover crops. However, an exception was observed in the 0.10-0.20 m layer, where a significant reduction in C NL was recorded after JB/MIL and SPV cultivation (Table 4) . It is important to note here that this decrease coincides with a reduction in the mAOC fraction at the same soil depth (Table 3) . These two C pools have organic C forms that are similar in nature, which explains the Rev Bras Cienc Solo 2016; v40:e0150105 concomitant reduction in SOC levels under these treatments (Table 2) , which are both associated with a reduction in the more stable organic C forms.
Determining various fractions of soil organic C at different oxidation degrees proved useful in evaluating the degree of SOC lability. It also permits the separation of the labile from the non-labile organic C forms, providing valuable information on the soil organic matter quality (Chan et al., 2001; Loss et al., 2013) .
CONCLUSIONS
The cultivation of Brachiaria and pearl millet as cover crops increased SOC stocks in the 0.00-0.40 m depth profile and represented the most adequate management option of soil cover for soil C sequestration under the given soil and climatic conditions.
Leguminous jack bean as a cover crop promotes greater accumulation of the light fraction in the soil and increases the proportion of the most labile C fractions, both in the surface and the deeper soil layers.
Soil cover by spontaneous vegetation were similar to those observed with the other cover crops, and removal of this vegetation through intensive soil tilling will not only leave the soil bare but will also result in a substantial loss of the soil labile organic C with negative consequences for the nutrient cycling.
Both the soil light fraction and the most oxidizable organic C fraction (F1) were sensitive indicators of changes in SOC levels caused by modifications in the management of soil cover and can be useful tools for monitoring soil organic matter levels in the short term.
